Introduction
============

*Camellia sinensis* (L.) Kuntze, also known as "Tea Tree" widely grown in Asian countries such as Taiwan, the People's Republic of China, Japan, and Sri Lanka, contains two major varieties, var. sinensis and var. assamica.[@b1-ijn-11-1907] According to the degree of fermentation, tea beverage made from tea leaves can be divided into nonfermented tea, semifermented tea, and fermented tea, with green tea, Oo-long tea, and black tea being the most important commercial tea beverage products, respectively. In addition, tea beverage made from tea leaves has gained popularity since its production in 1989 in Taiwan. According to a statistical report by the Ministry of Economics in Taiwan, tea beverage production has increased steadily every year and the total market value has reached \~24 billion New Taiwan dollars in 2014.[@b2-ijn-11-1907] However, a large amount of tea leaf waste can be produced during tea beverage processing, which can pose a major problem to environmental protection.

Of the various tea beverage products, green tea has received considerable attention in the past decades as numerous studies have demonstrated that the consumption of green tea can be protective against chronic diseases such as liver damage,[@b3-ijn-11-1907] inflammation,[@b4-ijn-11-1907] renal carcinoma,[@b5-ijn-11-1907] and cardiovascular disease,[@b6-ijn-11-1907] all of which can be associated with presence of the major functional components -- catechins. Catechins, a class of flavanols, can be divided into epistructured catechin and nonepistructured catechin, with the former including epicatechin (EC), epicatechin gallate (ECG), epigallocatechin (EGC), and epigallocatechin gallate (EGCG) and the latter including catechin (C), catechin gallate (CG), gallocatechin (GC), and gallocatechin gallate (GCG).[@b7-ijn-11-1907] Among them, EGCG is the most abundant one as it constitutes \~50% of total catechins in dried green tea leaves.[@b8-ijn-11-1907] As tea leaf waste is also a rich source of catechins,[@b9-ijn-11-1907] it would be a great advantage to the tea beverage industry to isolate catechins from tea leaf waste for further commercial production and utilization as a nutritional supplement or as an anticancer agent.

Due to high-polarity nature of catechins, catechins in tea leaves are often extracted with polar solvents such as methanol, ethanol, acetonitrile, and acetone alone or in combination.[@b10-ijn-11-1907] However, it has been reported that the extraction efficiency of catechins can be greatly enhanced by using a combination of solvents instead of a single solvent.[@b11-ijn-11-1907] For instance, Liang et al[@b11-ijn-11-1907] compared the effect of various proportions of ethanol in water (10%, 20%, 50%, 70%, and 90%) on the extraction yield of catechins in Long-Jin tea leaves and found that a high yield was attained by 30%--70% ethanol, while a low yield was obtained by 90% ethanol. Following extraction, catechins are often subjected to high-performance liquid chromatography--mass spectrometry (HPLC-MS) for separation, identification, and quantitation. For HPLC separation, the acidic modifiers such as formic acid, phosphoric acid, and acetic acid are often incorporated into polar mobile phases composed of water--acetonitrile or water--methanol to prevent peak tailing or broadening by using a C18 reversed-phase column.[@b12-ijn-11-1907],[@b13-ijn-11-1907] However, the composition of catechins in green tea leaf waste remains uncertain. Thus, it is a necessity to develop an HPLC-MS method for determination of various catechins in green tea leaf waste.

Over the past 32 years, malignant tumors have been the leading cause of death in Taiwan, in which prostate cancer ranks sixth and accounts for 10.3% of the ten most prevalent cancers, according to a statistical report issued by the Ministry of Health.[@b14-ijn-11-1907] As mentioned previously, catechins have been reported to possess vital biological activities. However, because of instability, the bioavailability of catechins in vivo remained low.[@b15-ijn-11-1907]--[@b17-ijn-11-1907] Thus, through preparation of micro-emulsion or nanoemulsion for encapsulation of bioactive compounds such as catechin, it is possible to enhance stability so that both bioavailability and biological activity of catechins can be greatly enhanced. More importantly, the efficiency dose of catechins can be reduced substantially to minimize side effects. Numerous studies have been carried out regarding the biological activities of catechins. Among the various catechins, EGCG was investigated most often due to its high biological activity and presence of an abundant amount of green tea leaves. For instance, Cavet et al[@b4-ijn-11-1907] studied the effect of EGCG (3--30 μM) on IL-1β-induced inflammation of human corneal epithelial cells and reported that the various cytokines such as IL-8 and IL-6, as well as chemokines such as monocyte chemoattractant protein-1, were inhibited. Similarly, EGCG (50 μM) was reported to inhibit IL-1β-induced inflammation of human synovial fibroblast cells through decrease in the expressions of COX-2, PEG2, and IL-8. In addition to EGCG, green tea extract (31.3--500 μg/mL) was shown to inhibit growth of kidney cancer cells A-497 and 769-P, with the half maximal inhibitory concentration (IC~50~) being 54 μg/mL and 129 μg/mL, respectively.[@b5-ijn-11-1907] Similarly, after treatment of prostate cancer cell PC-3 with black tea extract (40--80 μg/mL), a dose-dependent inhibition was observed with the IC~50~ being 60 μg/mL.[@b18-ijn-11-1907] In addition, the expressions of P21, caspase-9, and caspase-3 were elevated, while the expressions of B-cell lymphoma 2 (bcl-2) and cyclin B declined, leading to cell cycle arrest at G2/M phase for subsequent apoptosis.[@b18-ijn-11-1907] Thus, the objectives of our study were to develop a better HPLC-MS method for separation of eight catechin standards and quantitation of catechins in green tea leaf waste. Meanwhile, catechin nanoemulsion was prepared to study its inhibition effect on prostate cancer cell PC-3.

Materials and methods
=====================

Materials
---------

Approximately 1 kg of tea leaf waste from *C. sinensis* (L.) Kuntze was provided by a tea beverage processing plant located in Tainan, Taiwan. Then, the tea leaf waste samples were transported to our laboratory, freeze-dried, ground into powder, placed into separate bags, sealed under vacuum, and stored at −30°C until use. Catechin standards including catechin, EC, GC, EGC, GCG, and EGCG, as well as internal standard [l]{.smallcaps}-tryptophan, were procured from Sigma-Aldrich Co. (St Louis, MO, USA). HPLC-grade solvents including ethanol, methanol, and acetonitrile were obtained from Merck Millipore (Darmstadt, Germany). Formic acid was also from Sigma-Aldrich Co. Deionized water was made by a Milli-Q water purification system from Merck Millipore. Three HPLC columns, including Gemini C18 110A (column length \[CL\] =250 mm, internal diameter \[ID\] =4.6 mm, particle size \[PS\] =5 μm), Vydac 201TP54 C18 (CL =250 mm, ID = 4.6 mm, PS =5 μm), and TSK gel ODS-80Tm C18 (CL =250 mm, ID =4.6 mm, PS =5 μm), were purchased from Phenomenex Co. (Torrance, CA, USA), Vydac Co. (Hesperia, CA, USA), and Tosoh Co. (Tokyo, Japan), respectively.

Instrumentation
---------------

The HPLC instrument is composed of two Jasco PU980 and PU1980 pumps, a Rheodyne 7161 injector, a Jasco MD915 photodiode array detector, a Borwin software system (Jasco Co., Tokyo, Japan), and an Agilent 6130 single quadrupole mass spectrometer with multimode ion source (electrospray ionization and atmospheric pressure chemical ionization; Agilent Technologies, Santa Clara, CA, USA). A FD24 freeze dryer was from Chin-Ming Co. (Taipei, Taiwan). The Eyela N-1 rotary evaporator with an A3-S vacuum pump was from Eyela (Tokyo, Japan). The ultrasonicator (DC 400H) was from Chuan-Hua Co. (Taipei, Taiwan). The Sorvall RC5C high-speed centrifuge was from Du Pont Co. (Wilmington, DL, USA).

Evaluation of extraction efficiency
-----------------------------------

A method based on Lin et al,[@b19-ijn-11-1907] Vuong et al,[@b20-ijn-11-1907] and Lin et al[@b21-ijn-11-1907] was modified. A 0.2 g tea leaf waste powder sample was mixed with 4 mL of 30%, 50%, or 70% ethanol solution, after which each mixture was sonicated at room temperature for 1 hour. Then, the solution was centrifuged for 30 minutes (4,000 rpm, 25°C). The supernatant was collected, evaporated to dryness under vacuum, dissolved in 50% ethanol, diluted to 5 mL, filtered through a 0.22-μm membrane filter, and stored at −20°C for use.

Evaluation of column efficiency
-------------------------------

Three columns described above were used for evaluation of separation efficiency. In the beginning, a mobile phase of 0.1% formic acid solution (A) and acetonitrile (B) with the following gradient elution based on a study by Wu et al[@b22-ijn-11-1907] was used: 95% A and 5% B in the beginning, changed to 15% B at 14 minutes, maintained for 11 minutes, changed to 35% at 53 minutes, and returned to original ratio at 55 minutes. The column temperature was 30°C, with flow rate at 1 mL/min and detection wavelength at 280 nm. However, by using this method, the resolution of eight catechin standards remained inadequate for all the three columns. Thus, a modification is necessary. After many trials, a Gemini C18 column with a gradient mobile phase of 0.1% formic acid solution (A) and acetonitrile (B) was developed: 88% A and 12% B initially, changed to 85% A at 3 minutes, maintained for 3 minutes, changed to 80% A at 18 minutes, 68% A at 28 minutes, and maintained for 2 minutes. A total of eight catechin standards were separated within 25 minutes with flow rate of 1 mL/min, column temperature at 30°C, and detection wavelength of 280 nm.

Identification and quantitation of catechins
--------------------------------------------

The various catechins in green tea leaf waste were identified by comparing retention time, absorption spectra, and mass spectra of unknown peaks with reference standards. A negative mode (electrospray ionization) with scanning was used for detection: the scanning molecular weight range 100--1,000 *m*/*z*, drying gas flow 13 mL/min, nebulizer pressure 60 psi, dry gas temperature 350°C, vaporizer temperature 250°C, capillary voltage 3,500 V, charging voltage 2,000 V, and fragmentor voltage 80 V and 200 V. For quantitation, an internal standard [l]{.smallcaps}-tryptophan was used and dissolved in 50% ethanol solution for a concentration of 1,000 μg/mL. Then, six concentrations of various catechin standards dissolved in 50% ethanol were prepared: 1.5 μg/mL, 3 μg/mL, 5 μg/mL, 8 μg/mL, 10 μg/mL, and 12 μg/mL for GC; 5 μg/mL, 10 μg/mL, 15 μg/mL, 20 μg/mL, 25 μg/mL, and 30 μg/mL for EGC; 30 μg/mL, 50 μg/mL, 100 μg/mL, 150 μg/mL, 200 μg/mL, and 300 μg/mL for EGCG; 1.0 μg/mL, 2 μg/mL, 5 μg/mL, 10 μg/mL, 20 μg/mL, and 30 μg/mL for GCG; 10 μg/mL, 20 μg/mL, 40 μg/mL, 60 μg/mL, 80 μg/mL, and 100 μg/mL for ECG. Each catechin standard solution was then mixed with the internal standard solution whose final concentration was fixed at 10 μg/mL. Next, 20 μL of each concentration of the standard solution was injected into HPLC twice, and the various standards' curves were obtained by plotting concentration ratio (standard vs internal standard) against area ratio (standard vs internal standard), with the linear regression equations and correlation coefficient (*R*) being obtained automatically with a Microsoft Excel software system.

Method validation
-----------------

The intraday variability and interday variability were determined based on a method described by the International Conference on Harmonization.[@b23-ijn-11-1907] The former was carried out by analyzing sample solutions containing internal standard (10 μg/mL) in the morning, afternoon, and evening of the same day and injecting three times each for a total of nine injections. Similarly, the latter was performed by analyzing sample solutions containing internal standard (10 μg/mL) in the morning, afternoon, and evening of the first, second, and third days and injecting once for a total of nine injections. For determination of limit of detection (LOD) and limit of quantitation (LOQ), three concentrations of catechin standards were prepared: 0.2 μg/mL, 0.35 μg/mL, and 0.4 μg/mL for GC; 0.2 μg/mL, 0.4 μg/mL, and 0.6 μg/mL for EGC; 0.2 μg/mL, 0.4 μg/mL, and 0.6 μg/mL for both EGCG and GCG; and 0.2 μg/mL, 0.25 μg/mL, and 0.3 μg/mL for ECG. Each concentration was injected into HPLC three times, and the standard curves were obtained by plotting concentration against height, with the linear regression equations, slope (*s*), and maximum noise height (Np-p) being obtained, and both LOD and LOQ were calculated.[@b23-ijn-11-1907]

For recovery determination, two levels of catechin standards were added to samples (0.2 g) for extraction and HPLC analysis: GC (14 μg and 21 μg), EGC (100 μg and 150 μg), EGCG (500 μg and 1,000 μg), GCG (160 μg and 240 μg), and ECG (170 μg and 350 μg). The recovery of each catechin standard was calculated based on the ratio of the amount of catechin standard after HPLC relative to that before HPLC. Then, the various catechins in green tea leaf waste samples were calculated using a method described by Chang and Chen.[@b24-ijn-11-1907]

Preparation of catechin nanoemulsion
------------------------------------

Initially, a portion of catechin extract was collected and poured into a tube. After evaporation to dryness under nitrogen, 0.05 g of lecithin (0.5%) was added and stirred. Then, 0.5 g of Tween 80 (5%) was added and stirred again, followed by adding 9.45 g of deionized water (94.5%). After mixing homogeneously, this mixture was shaken in a sonicator for 1.5 hours to obtain a transparent catechin nanoemulsion with yellow appearance.

Determination of nanoemulsion characteristics
---------------------------------------------

A portion of catechin nanoemulsion (500 μL) was collected and diluted to 5 mL in a tube with phosphoric acid dihydrogen potassium buffer solution (pH 5.3--5.5). After filtration through a 0.22 μm membrane filter, the nanoemulsion size was determined by a dynamic light scattering (DLS) analyzer. For transmission electron microscope (TEM) analysis, a portion of catechin nanoemulsion was diluted 100 times with deionized water. Then, a 20 μL sample was collected and dropped onto a copper grid for 40 seconds. After removal of excessive sample with a glass filter paper, 2% phosphotungstic acid (20 μL) was added for negative staining for 30 seconds, followed by removing the excessive staining agent with a glass filter paper and placing into an incubator for complete dryness. Then, the sample was enlarged 3×10^5^ times with 120 kV for observation of size and shape.

Determination of zeta potential
-------------------------------

One milliliter of catechin nanoemulsion was diluted with deionized water and then placed into a zeta potential analyzer for zeta potential determination with temperature at 25°C and zeta potential range from −200 mV to +200 mV.

Determination of encapsulation efficiency
-----------------------------------------

A portion of catechin nanoemulsion (100 μL) was diluted ten times with 25 mM of phosphoric acid dihydrogen potassium buffer solution (pH 5.5). Then, the solution was poured into a centrifuge tube containing a membrane with the molecular weight cutoff 3 kDa. After centrifuging at 12,000 rpm for 20 minutes, a portion of the lower layer solution (200 μL) was collected and evaporated to dryness, followed by dissolving in 50% ethanol solution containing 10 ppm internal standard [l]{.smallcaps}-tryptophan for HPLC analysis of free catechin. Then, the encapsulation efficiency was calculated using a formula described by Chang and Chen.[@b24-ijn-11-1907]

Stability of catechin nanoemulsion
----------------------------------

Catechin nanoemulsion was stored at 4°C for 120 days, during which the particle size and distribution were determined by DLS on days 0, 7, 60, and 120. In addition, the encapsulation efficiency was determined on days 0 and 120.

Cell culture
------------

Human prostate cancer cell PC-3 was cultured in F-12K medium containing 7% fetal bovine serum and 100 U/mL of penicillin--streptomycin, while human fibroblast cell CCD-986SK was cultured in Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum and 100 U/mL of penicillin--streptomycin. After collection and thawing in 37°C water bath, cells containing 10% dimethyl sulfoxide were placed into a 10 cm plate, followed by addition of 7 mL of F-12K or DMEM and incubation in an incubator containing 5% CO~2~ with temperature at 37°C and relative humidity at 100%. For subculture of PC-3 or CCD-986SK cells, the medium was removed and washed with 9 mL of phosphate-buffered saline (PBS) twice, followed by addition of 0.25% of 1 mL of trypsin-EDTA and reaction for 3--5 minutes until cells suspended. Then, 1 mL of F-12K or DMEM was added to terminate trypsin-EDTA reaction and the solution transferred to a 15 mL centrifuge tube for centrifugation at 1,000 rpm for 5 minutes at 25°C. The supernatant was aspirated, and then 1 mL of F-12K or DMEM was added. Next, a suitable amount of cells were collected and seeded onto a 10 cm plate, followed by addition of 10 mL of F-12K or DMEM, and incubation in an incubator containing 5% CO~2~ with temperature at 37°C and relative humidity at 100%. The approval for carrying out the entire experiment was approved by the institutional ethics committee of Fu Jen Catholic University, New Taipei City, Taiwan.

MTT assay
---------

Initially, 50 mg of MTT powder was dissolved in 10 mL sterilized PBS and filtered through a 0.22 μm membrane filter to obtain a 5 mg/mL MTT solution. Prior to experiment, the MTT solution was diluted with Hanks' balanced salt solution at a ratio of 1:9 (v:v). Then, the cell suspension of PC-3 or CCD-986SK was seeded in a 96-well plate with each well containing 5×10^3^ cells, and cultured for 24 hours for cell adhesion. After removal of culture medium, seven concentrations (1.25 μg/mL, 2.5 μg/mL, 5 μg/mL, 7.5 μg/mL, 10 μg/mL, 20 μg/mL, and 30 μg/mL) of catechin extracts or five concentrations (1.25 μg/mL, 2.5 μg/mL, 5 μg/mL, 7.5 μg/mL, and 10 μg/mL) of catechin nanoemulsions were added. Triplicate experiments were performed for each concentration. After incubation for 72 hours, the medium was removed, and 200 μL of MTT solution (0.5 mg/mL) was added to each well and reacted in the dark for 2 hours. Then, the MTT solution was removed, followed by addition of 200 μL of dimethyl sulfoxide to dissolve purple crystals and measurement of absorbance at 570 nm with an ELISA reader. The cell viability was calculated using a method described by Chang and Chen.[@b24-ijn-11-1907]

Cell cycle analysis
-------------------

PC-3 cells (5×10^4^) were seeded in a six-well plate and incubated for 24 hours for cell adhesion. After removal of F-12K medium, three concentrations (7.5 μg/mL, 10 μg/mL, and 20 μg/mL) of catechin extract or catechin nanoemulsion (5 μg/mL, 7.5 μg/mL, and 10 μg/mL) were added and incubated for 72 hours. Then, the medium was removed, and cells were washed with PBS, followed by adding 1 mL of trypsin-EDTA and collecting cells in a centrifuge tube for centrifugation at 1,200 rpm for 5 minutes (4°C). Next, the supernatant was removed, and cells were washed with PBS twice, followed by adding 1 mL of PBS containing 70% ethanol for cell fixation at 4°C. Then, the cells were centrifuged at 2,000 rpm for 5 minutes and washed with PBS twice, after which 0.8 mL of PBS, 0.1 mL of RNase (1 mg/mL), and 0.1 mL propidium iodine (0.1 mg/mL) were added for reaction at 37°C for 30 minutes in the dark. Then, the stained cells were analyzed by a flow cytometer for cell cycle distribution, including sub-G1, G0/G1, S, and G2/M phases.

Annexin V/propidium iodide staining assay
-----------------------------------------

PC-3 cells (5×10^4^) were seeded in a six-well plate and cultured for 24 hours for cell adhesion, after which the F-12K medium was removed and three concentrations of catechin extract (7.5 μg/mL, 10 μg/mL, and 20 μg/mL) or catechin nanoemulsion (5 μg/mL, 7.5 μg/mL, and 10 μg/mL) were added. Triplicate experiments were carried out for each concentration. After incubation for 72 hours, the cells were washed with PBS, and 1 mL of trypsin-EDTA was added to detach the cells. Then, the cells were collected and centrifuged at 1,200 rpm for 5 minutes (4°C), followed by removing supernatant, washing with PBS, suspending cells with 0.1 mL of binding buffer (1×), adding 5 μL of FITC-Annexin V, and 10 μL of propidium iodide (PI; staining agent) in the dark. After reaction at room temperature for 15 minutes, 0.4 mL of binding buffer (1×) was added to analyze apoptotic and necrotic cell populations by a flow cytometer.

Western blotting
----------------

PC-3 cells (3.5×10^4^) were seeded in a ten-well plate and cultured for 24 hours for cell adhesion, after which the medium was removed, and three concentrations of catechin extract (7.5 μg/mL, 10 μg/mL, and 20 μg/mL) or catechin nanoemulsion (5 μg/mL, 7.5 μg/mL, and 10 μg/mL) were added. Triplicate experiments were conducted for each concentration. After incubation for 72 hours, the cells were washed with PBS, and 1 mL of trypsin-EDTA was added for cell collection and subsequent centrifugation at 1,200 rpm for 5 minutes (4°C). Then, the supernatant was removed, cells were washed with PBS, and 0.1 mL of lysis buffer (1×) was added to disperse cells by sonication. After storage at −20°C overnight, cells were centrifuged at 12,000 rpm for 30 minutes, and the supernatant containing cell protein was collected for protein quantitation. The protein standard curve of bovine serum albumin was prepared by plotting various concentrations of bovine serum albumin against absorbance at 595 nm. Then, 2 mL of cell protein sample and 1 mL of Bradford staining agent (1×) were mixed in the dark, after which 0.2 mL of sample was transferred to a 96-well plate for absorbance measurement at 595 nm. The protein concentration in each sample was quantified based on the standard curve. Next, a 40 μg cell protein sample was mixed with sample buffer for reaction in a 95°C water bath for 5 minutes for protein denaturation and then cooled on ice. Protein samples were then added to a tank for protein separation on 12% sodium dodecyl sulfate-polyacrylamide gel at 70 V for 30 minutes, followed by separation at 110 V for 1.5 hours to allow migration of sample buffer solution to the gel bottom.

For Western blotting, the separated proteins were transferred onto a polyvinylidene difluoride membrane, which was preactivated in methanol for 1 minute and then soaked in transfer buffer for 1 minute. After incubation at 4°C and 100 V for 1.5 hours, the polyvinylidene difluoride membrane was collected and soaked in buffer solution containing 5% skim milk, for shaking for 2 hours. Then, the Tris-buffered saline with Tween 20 (TBST) buffer solution was added for washing, three times for 10 minutes each, to remove unattached protein. Finally, the primary antibody diluted with TBST in an appropriate ratio was added: P27 (1:500), cyclin A (1:750), cyclin-dependent kinase 2 (CDK2; 1:2,000), bcl-2 (1:2,000), cyclin B (1:750), cytochrome C (1:500), cyclin-dependent kinase 1 (CDK1; 1:2,000), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:1,000). After overnight reaction at 4°C, the TBST buffer solution was added for washing, three times for 10 minutes each. Then, the secondary antibody (antirabbit or antimouse) diluted with TBST buffer solution 5,000 times was added for reaction for 1 hour, followed by washing with TBST, three times for 10 minutes each; the enhanced chemiluminescence (ECL) reagent was added to enhance chemiluminescence for detection by a BioSpectrum 500 image analysis system.

Expression of caspase-3, -8, and -9
-----------------------------------

The PC-3 cells (1×10^5^) were seeded in a six-well plate and cultured for 24 hours for cell adhesion. Then, the F-12K medium was removed, and three concentrations of catechin extract (7.5 μg/mL, 10 μg/mL, and 20 μg/mL) or catechin nanoemulsion (5 μg/mL, 7.5 μg/mL, and 10 μg/mL) were added. Triplicate experiments were carried out for each concentration. After incubation for 72 hours, PBS was added for washing, and 100 μL of lysis buffer was added to each well for scratching cells. Then, the cells were transferred to a centrifuge tube and reacted on ice for 30 minutes. For caspase-3, 25 μL of the cell medium was added to a 96-well plate, and 100 μL of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer containing 2.5 μL of *N*-acetyl-aspartyl-glutamyl-valyl-aspartyl-7-amino-4-methylcoumarin (AC-DEVD-AMC) was added for reaction at 37°C for 1 hour in the dark. Then, the absorbance was measured by a fluorometer with excitation wavelength at 380 nm and emission wavelength at 460 nm. As for caspase-8 and -9, 50 μL of the cell medium was added to a 96-well plate, and 50 μL of the reaction buffer (2×) containing 0.5 μL of 1.0 M dithiothreitol and 5 μL of 1 mM leucyl-glutamyl-histidyl-aspartyl-7-amino-4-trifluoromethylcoumarin (LEHD-AFC) was added for reaction at 37°C for 1 hour in the dark. Then, the absorbance was measured by a fluorometer with excitation wavelength at 400 nm and emission wavelength at 505 nm.

Statistical analysis
--------------------

All the analyses were carried out at least in triplicate, and the data were subjected to analysis of variance and Duncan's multiple range test for significance (*P*\<0.05) in mean comparison by using the Statistical Analysis System.[@b25-ijn-11-1907]

Results and discussion
======================

Comparison of extraction efficiency
-----------------------------------

[Figure 1](#f1-ijn-11-1907){ref-type="fig"} shows the effect of different ethanol proportions on extraction efficiency of catechins in green tea leaf waste. After HPLC analysis, a high yield of EGCG and ECG was obtained with 70% ethanol or 50% ethanol, which amounted to 7,062.05 μg/g and 1,754.51 μg/g, respectively, for the former, as well as 7,086.69 μg/g and 1,771.83 μg/g, respectively, for the latter. However, there was no significant difference (*P*\>0.05) in extraction yield of EGCG or ECG between 70% and 50% ethanol. For the extraction yield of EGC and GCG, a high content of 349.28 μg/g and 411.65 μg/g was obtained for 50% ethanol, respectively. But for the extraction yield of GC, a high level (97.56 μg/g) was obtained for 70% ethanol. Taken together, the highest yield of total catechins could be achieved by 50% ethanol, followed by 70% ethanol and 30% ethanol. It has been well established that with ultrasonic extraction, cell wall in leaves can be destroyed through cavity action, resulting in an increase in extraction yield and a reduction in extraction solvents.[@b17-ijn-11-1907],[@b26-ijn-11-1907] In addition, the ultrasonic extraction was carried out at room temperature (25°C), which can prevent catechin degradation at elevated temperature. Vuong et al[@b20-ijn-11-1907] reported that catechins could undergo degradation and conversion from the epistructure type to nonepistructure type when extracted at 80°C--90°C. In several similar studies, Lin et al[@b19-ijn-11-1907] and Choung et al[@b8-ijn-11-1907] also demonstrated that with 50% ethanol as the extraction solvent, a high yield of catechins in γ-aminobutyric acid-enriched Gabaron tea leaves was attained.

Evaluation of column separation efficiency
------------------------------------------

Three C18 columns as described above were compared with respect to separation efficiency of eight catechin standards and five catechins in green tea leaf waste. Though the three columns possess the same column length, ID, particle size, and stationary phase (C18), some other characteristics such as end-capping, carbon load, porosity, polymerization, and theoretical plate can still be varied. Using an HPLC gradient mobile phase developed by Wu et al,[@b22-ijn-11-1907] a Gemini C18 column showed a better resolution of eight catechin standards and catechins in tea leaf waste than the other two columns. Nevertheless, the separation time is lengthy (42 minutes) and needs to be further shortened. By following a gradient mobile phase of 0.1% formic acid solution (A) and acetonitrile (B) described in the "Materials and methods" section, all the eight catechin standards including GC, EGC, catechin, EC, EGCG, GCG, ECG, and CG were adequately resolved within 25 minutes ([Figure 2](#f2-ijn-11-1907){ref-type="fig"} and [Table 1](#t1-ijn-11-1907){ref-type="table"}). All the data indicated that an optimal mobile phase strength and a proper selectivity of mobile phase to sample components were attained. In several previous studies, Vuong et al[@b20-ijn-11-1907] used a C18 column (250×4.6 mm ID, 5 μm particle size) and a mobile phase of 0.2% phosphoric acid in water/tetrahydrofuran/acetonitrile to separate eight catechins within 50 minutes. Similarly, Chen et al[@b12-ijn-11-1907] used a C18 column (250×4.6 mm ID, 5 μm particle size) and a binary mobile phase of 0.1% phosphoric acid in water/acetonitrile to separate six catechins within 45 minutes. In addition, a total of seven catechins were separated within 70 minutes by a gradient mobile phase of 20 mM KH~2~PO~4~/acetonitrile.[@b27-ijn-11-1907] Obviously, all these methods had a major drawback of prolonged separation time. Comparatively, our method demonstrated a much shorter retention time in separation of eight catechins standards and five catechins in green tea leaf waste. [Table 2](#t2-ijn-11-1907){ref-type="table"} shows the identification data of catechins in green tea leaf waste. On the basis of the identification criteria described previously, five catechins including GC, EGC, EGCG, GCG, and ECG were present in green tea leaf waste.

Method validation
-----------------

The quality control data of catechins in green tea leaf waste by HPLC are shown in [Table 3](#t3-ijn-11-1907){ref-type="table"}. The relative standard deviation (RSD) values of intraday variability for GC, EGC, EGCG, GCG, and ECG were 6.5%, 7.9%, 1.5%, 4.6%, and 2.5%, respectively, whereas the RSD values of interday variability were 5.2%, 0.2%, 2.9%, 6.4%, and 4.6%, respectively, demonstrating a high reproducibility of this method. In several previous studies, Spacil et al[@b28-ijn-11-1907] determined GC, EGC, EGCG, GCG, and ECG in nonfermented tea Formosa Gunpowder by HPLC, and the RSD of the intraday variability was shown to be from 5.09% to 7.09%. Similarly, Rahim et al[@b29-ijn-11-1907] analyzed GC, EGC, EGCG, GCG, and ECG in green tea by HPLC, and the RSD of intraday and interday variabilities ranged from 1.78% to 2.53% and 1.47% to 2.53%, respectively. Pelillo et al[@b30-ijn-11-1907] determined GC, EGC, EGCG, GCG, and ECG in green tea by HPLC, and the RSD values of the intra-day and inter-day variabilities ranged from 0.96% to 4.56% and 1.47% to 6.60%, respectively. All these outcomes are similar to the finding in our study.

Both LOD and LOQ of catechins are also shown in [Table 3](#t3-ijn-11-1907){ref-type="table"}. The LOD values of GC, EGC, EGCG, GCG, and ECG were 0.35 μg/mL, 0.6 μg/mL, 0.4 μg/mL, 0.4 μg/mL, and 0.25 μg/mL, respectively, while the LOQ values were 1.05 μg/mL, 1.8 μg/mL, 1.2 μg/mL, 1.2 μg/mL, and 0.75 μg/mL. In several previous reports, Bonoli et al[@b31-ijn-11-1907] analyzed GC, EGC, EGCG, GCG, and ECG in green tea by HPLC, and the LOD values were shown to be 0.166 μg/mL, 0.385 μg/mL, 0.192 μg/mL, 0.084 μg/mL, and 0.04 μg/mL, respectively, which was lower than the results in our study, probably caused by difference in sensitivity of HPLC instruments. However, in a study dealing with determination of catechins in green tea by HPLC, Wang et al[@b32-ijn-11-1907] reported that the LOD values of GC, EGC, EGCG, GCG, and ECG were 0.46 μg/mL, 0.58 μg/mL, 0.51 μg/mL, 1.16 μg/mL, and 0.27 μg/mL, respectively, whereas the LOQ values were 1.53 μg/mL, 1.92 μg/mL, 1.70 μg/mL, 3.87 μg/mL, and 0.92 μg/mL, respectively. This outcome is similar to the finding in our study.

The recovery data of catechins are also shown in [Table 3](#t3-ijn-11-1907){ref-type="table"}, with GC, EGC, EGCG, GCG, and ECG shown to be 95.1%, 104.9%, 101.2%, 90.2%, and 101.4%, respectively. This outcome is similar to that reported by several other authors. For instance, Wang et al[@b33-ijn-11-1907] analyzed GC, EGC, EGCG, GCG, and ECG in Oo-long tea leaves by HPLC, and the recoveries were shown to be 98.56%, 99.46%, 99.73%, 99.28%, and 98.45%, respectively. Similarly, the recoveries of GC, EGC, EGCG, GCG, and ECG were reported to be 99.8%, 96.58%, 94.5%, 91.25%, and 88.96% in black tea leaves by HPLC analysis.[@b34-ijn-11-1907] Peng et al[@b35-ijn-11-1907] determined GC, EGC, EGCG, GCG, and ECG in green tea by HPLC, and the recoveries were found to be 85.6%, 101.06%, 92.56%, 103.86%, and 103.04%, respectively. All these outcomes are similar to the recovery in our study, demonstrating a high accuracy of our method.

Quantitation of catechins in green tea leaf waste
-------------------------------------------------

An internal standard [l]{.smallcaps}-tryptophan was used for quantitation. The regression equations used for quantitation of GC, EGC, EGCG, GCG, and ECG were *y*=0.8257*x* −0.0166, *y*=0.4366*x* +0.1261, *y*=0.6735*x* −0.4653, y=0.9711*x* +0.0374, and *y*=0.9995*x* +0.4243, respectively, with the correlation coefficient (*R*) being \>0.99 for all. After quantitation, EGCG was found to be present in the most abundant amount (7,864.48 μg/g), followed by ECG (1,917.93 μg/g), GCG (496.29 μg/g), EGC (267.5 μg/g), and GC (73.73 μg/g). However, three catechins including catechin, CG, and EC remained undetected in green tea leaf waste.

Catechin nanoemulsion characteristics
-------------------------------------

[Figure 3](#f3-ijn-11-1907){ref-type="fig"} shows particle size distribution of blank nanoemulsion ([Figure 3A](#f3-ijn-11-1907){ref-type="fig"}) as well as catechin nanoemulsion with filtration ([Figure 3B](#f3-ijn-11-1907){ref-type="fig"}) and without filtration through a 0.22 μm membrane filter ([Figure 3C](#f3-ijn-11-1907){ref-type="fig"}), as determined by DLS, which equaled 9.7 nm, 11.45 nm, and 10.45 nm, respectively. This outcome clearly indicated that the average particle size of catechin nanoemulsion remained unaffected even without filtration through a 0.22 μm membrane filter, demonstrating that a highly homogeneous nanoemulsion was successfully prepared. For TEM analysis, the average particle size was 13 nm with a spherical shape being observed ([Figure 3D and E](#f3-ijn-11-1907){ref-type="fig"}). Compared to many published reports, the average particle size of catechin nanoemulsion prepared in our laboratory was much smaller. For instance, Kim et al[@b6-ijn-11-1907] prepared catechin nanoemulsion composed of cholesterol, phytosterol, glycerol, and water, and the average particle size was determined to be 300 nm by DLS analysis. Similarly, Zou et al[@b36-ijn-11-1907] prepared EGCG nanoliposome with phospholipid, cholesterol, and Tween 80 as the main components, and the mean particle size was found to be 71.7 nm by DLS analysis. More recently, Gadkari and Balarman[@b37-ijn-11-1907] prepared catechin nanoemulsion consisting of sunflower oil, Tween 20, Tween 80, lecithin, and water, and the average particle size was shown to be 245 nm by DLS analysis. Srivastava et al[@b38-ijn-11-1907] prepared EGCG-PLGA nanoparticles containing PLGA, polyvinyl alcohol, and water, and the average particle size was found to be 127.2 nm by TEM analysis. Obviously, the difference in particle size distribution can be attributed to variety and amount of surfactants as well as method of preparation.

Zeta potential is a vital index of polydispersity. It has been well documented that a highly stable nanoemulsion can be achieved when the zeta potential is \>30 mv or \<−30 mv because of high electrostatic repulsion force between particles.[@b39-ijn-11-1907] In our experiment, the zeta potential of the nanoemulsion was −66.3±1.1 mv, implying a much higher stability of this nanoemulsion when compared to many published reports. For example, Huang et al[@b40-ijn-11-1907] prepared catechin liposomes composed of Tween 80, Epikuron 200, and cholesterol with the zeta potential found to be −16.5 mv. In a later study, Pace et al[@b41-ijn-11-1907] prepared EGCG nanoliposomes containing lecithin, cholesterol, and PBS buffer solution with the zeta potential found to be −6.8 mv. Similarly, Srivastava et al[@b38-ijn-11-1907] prepared EGCG-PLGA nanoparticles with the zeta potential determined to be −24.5 mv. Comparatively, all these results revealed a lower stability of catechin or EGCG nanoparticles than the catechin nanoemulsion prepared in our study, which can be attributed to the difference in variety and amount of surfactants, pH value, and method of preparation.

For stability study, the particle size of the catechin nanoemulsion was 11.4 nm, 10.9 nm, 11.8 nm, and 11.2 nm after 0 day, 7 days, 60 days, and 120 days storage at 4°C, respectively, with the polydispersity index (PDI) being 0.27, 0.29, 0.30, and 0.29. Accordingly, the lower the PDI, the better the dispersity of nanoemulsion. In addition, the catechin content in the nanoemulsion only showed a minor change, as evident by a level of 868.2 μg/mL at day 0 and 847.1 μg/mL at day 120. Similarly, the encapsulation efficiency of the catechin nanoemulsion after 0-day and 120-day storage was 88.1% and 86.2%, respectively. Similar outcome was reported by Chang and Chen,[@b24-ijn-11-1907] who prepared curcuminoid nanoemulsion with Tween 80 and water, and the average particle size was shown to be 11.5--12.3 nm over a 3-month storage period. In addition, the encapsulation efficiency of the catechin nanoemulsion prepared in our study was higher than that reported by Hu et al[@b42-ijn-11-1907] and Huang et al,[@b40-ijn-11-1907] as shown by a level of 81.7% of EGCG nanoparticles, and 65.8%--80.1% of catechin nanoparticles, respectively. Similarly, the PDI only showed a minor change over a 120-day storage period, demonstrating a highly stable catechin nanoemulsion prepared in our experiment. A similar result was found by Huang et al,[@b40-ijn-11-1907] Zou et al,[@b36-ijn-11-1907] Ponnuraj et al,[@b43-ijn-11-1907] and Pace et al,[@b41-ijn-11-1907] reporting the PDI to be 0.18, 0.29, 0.22, and 0.24, respectively, for catechin and EGCG nanoparticles.

Dose effect of solvent and blank nanoemulsion on growth of PC-3 and CCD-986SK cells
-----------------------------------------------------------------------------------

In our study, 50% ethanol solution was used for catechin extraction, and the blank was composed of lecithin, Tween 80, and water. To avoid interference of these components on cell growth, the effect of 50% ethanol and blank nanoemulsion on growth of both CCD-986SK and PC-3 cells has been studied ([Figure 4A and B](#f4-ijn-11-1907){ref-type="fig"}). With the 50% ethanol dose at 0.25%--1%, a high cell viability (\>96.6%) was shown for both PC-3 and CCD-986SK cells. However, by raising the 50% ethanol dose to \>2%, the cell viability of PC-3 and CCD-986SK declined to 91.2% and 84.0%, respectively ([Figure 4A](#f4-ijn-11-1907){ref-type="fig"}). Obviously, the higher the dose of 50% ethanol, the lower the cell viability of both PC-3 and CCD-986SK cells. A similar tendency was observed for the blank nanoemulsion, as evident by a high cell viability (\>97%) of both PC-3 and CCD-986SK when the dose was controlled at 0.08%--0.15% ([Figure 4B](#f4-ijn-11-1907){ref-type="fig"}). In several published reports, the ethanol dose was often controlled at 0.1%--1%. For instance, Lippert et al[@b44-ijn-11-1907] studied the effect of endogenous estradiol metabolites on growth of breast cancer cells; the ethanol dose was controlled at 1% to avoid solvent interference. In a study dealing with the effect of brewed beer yeast ethanol extract on inhibition of lung cancer cells, Lin[@b45-ijn-11-1907] reported that a dose of 0.5% ethanol could maintain a high cell viability without solvent interference. In addition to solvent, Li et al[@b46-ijn-11-1907] pointed out that various surfactants could affect colon cancer cell (HT-29) growth, with Tween 20 being higher than lecithin. Furthermore, the cell viability of HT-29 could decrease to 43% following a rise of Tween 20 dose to 0.02%. Schöler et al[@b47-ijn-11-1907] further compared the effect of nine surfactants on growth of macrophage cells and found: poloxamine 908\> poloxamer 407\> poloxamer 188\> Solutol HS 15\> Tween 80\> Lipoid 75\> sodium cholate \> sodium dodecyl sulfate \> cetylpyridinium chloride. Therefore, similar to ethanol, the variety and amount of surfactants have to be carefully controlled to avoid cell growth interference.

Effect of catechin extract and nanoemulsion on growth of PC-3 and CCD-986SK cells
---------------------------------------------------------------------------------

The effects of catechin extract and nanoemulsion on growth of CCD-986SK cells are shown in [Figure 4C and D](#f4-ijn-11-1907){ref-type="fig"}, respectively. A dose-dependent decrease was shown for the cell viability after treatment of catechin extract or nanoemulsion for 72 hours. A high cell viability (\>92.7%) was found for the catechin extract dose at \<2.5 μg/mL. However, by raising the catechin extract dose to 5 μg/mL, 7.5 μg/mL, 10 μg/mL, 20 μg/mL, and 30 μg/mL, the cell viability declined to 88.1%, 61.6%, 44%, 15%, and 2.7%, respectively. Unlike catechin extract, a high cell viability (\>96.4%) was shown for the catechin nanoemulsion dose at \<5 μg/mL. However, following an increase in the catechin nanoemulsion dose to 7.5 μg/mL and 10 μg/mL, the cell viability decreased to 73% and 52.8%, respectively. Comparatively, catechin nanoemulsion exhibited a lower toxicity toward CCD-986SK cells than catechin extract.

[Figure 4E and F](#f4-ijn-11-1907){ref-type="fig"} show the effect of catechin extract and nanoemulsion on growth of PC-3 cells, respectively. The cell viability followed a dose-dependent decline after treatment of catechin extract or nanoemulsion for 72 hours. With the catechin extract dose at \<2.5 μg/mL, no significant decrease (*P*\>0.05) was shown for PC-3 cells. However, by raising the catechin extract dose to 5 μg/mL, 7.5 μg/mL, 10 μg/mL, 20 μg/mL, and 30 μg/mL, the cell viability dropped to 92.1%, 75.7%, 75.2%, 28.6%, and 5.9%, respectively. Similarly, after treatment of PC-3 cells with catechin nanoemulsion at 1.25 μg/mL, 2.5 μg/mL, 5 μg/mL, 7.5 μg/mL, and 10 μg/mL, the cell viability declined to 87.9%, 81.9%, 72.9%, 60.8%, and 33%, respectively. The IC~50~ of catechin extract and nanoemulsion was 15.4 μg/mL and 8.5 μg/mL, respectively, demonstrating that the latter possessed a more pronounced inhibition efficiency toward growth of PC-3 tumor cells.

In many published reports, the EGCG standard, the most abundant catechin in green tea leaves, was used most often to study its effect on growth of prostate cancer cells PC-3 or LNCaP. For instance, Adhami et al[@b48-ijn-11-1907] studied the effect of EGCG (10--40 μM) on growth of PC-3 and LNCaP cells; a dose-dependent decrease was found for both cell lines, with EGCG showing a higher tumor cell growth inhibition toward LNCaP cells than PC-3 cells. Similarly, Albrecht et al[@b49-ijn-11-1907] studied the effect of EGCG on growth of PC-3 cells and observed a dose-dependent decline in cell viability, which equaled 63% and 46% when treated with 25 μM and 50 μM, respectively, with the IC~50~ being 38.95 μM. Recently, Shabana et al[@b50-ijn-11-1907] studied the effect of EGCG (30--100 μM) on growth of PC-3 and LNCaP cells, and the IC~50~ was determined to be 90 μM and 45 μM, respectively. In a similar study dealing with the effect of EGCG (25--100 μM) on growth inhibition of prostate cancer cells DU 145 and HH870, the IC~50~ was shown to be 88.6 μM and 45.3 μM, respectively.[@b51-ijn-11-1907] Comparatively, in our study, the IC~50~ (15.4 μg/mL or 34.8 μM) of catechin extract in inhibiting PC-3 tumor cells was much lower, probably caused by the synergistic effect due to the presence of some other catechins including GC, EGC, GCG, and ECG, but except EGCG. A total amount of these four catechins (2,755.45 μg/g) should contribute greatly to the lower IC~50~ compared to the EGCG standard.

In addition to prostate cancer cells, the effect of green tea extract or EGCG on growth inhibition of some other types of cancer cells has been well documented. Carvalho et al[@b5-ijn-11-1907] studied the effect of green tea extract on growth inhibition of kidney cancer cells A-497 and 769-P; the IC~50~ was shown to be 54 μg/mL and 129 μg/mL, respectively. The effect of green tea extract and EGCG on growth inhibition of breast cancer cells MDA-MB-231 was studied by Thangapazham et al,[@b52-ijn-11-1907] with the IC~50~ shown to be 40 μg/mL and 50 μg/mL, respectively. This result clearly revealed that green tea extract possessed a better growth inhibition toward breast cancer cells than EGCG. In addition, many authors pointed out through preparation of catechin nanoparticles, the effective dose could be reduced while the stability and bioavailability of catechins could be greatly enhanced. For example, Shabana et al[@b50-ijn-11-1907] prepared EGCG-chitosan nanoparticles and studied their effect on growth inhibition of prostate cancer cells LNCaP and PC-3; the IC~50~ was found to be 1 μM and 4 μM, respectively, while the EGCG standard was 45 μM and 90 μM. It was postulated that EGCG-chitosan nanoparticles could penetrate into cells through endocytosis more efficiently than EGCG standard. In a similar study dealing with the effect of EGCG nanoparticles and EGCG on growth of melanoma cells Mel 928, the IC~50~ was determined to be 7 μM and 53 μM, respectively,[@b53-ijn-11-1907] demonstrating a better growth inhibition efficiency of the former. Pace et al[@b41-ijn-11-1907] further reported that EGCG nanoparticles possessed a better growth inhibition efficiency toward breast cancer cells MCF-7 than EGCG standard. All these outcomes are in agreement with the finding in our study.

PC-3 cell cycle analysis
------------------------

On the basis of MTT result, three doses of catechin extract (7.5 μg/mL, 10 μg/mL, and 20 μg/mL) and catechin nanoemulsion (5 μg/mL, 7.5 μg/mL, and 10 μg/mL) were selected for cell cycle analysis. The proportions of different cell cycle phases of PC-3 are shown in [Table 4](#t4-ijn-11-1907){ref-type="table"}. Compared to control, a slight increase in sub-G1 (%) was shown following a rise in doses of both catechin extract and nanoemulsion. However, after treatment of catechin extracts at 7.5 μg/mL, 10 μg/mL, and 20 μg/mL for 72 hours, the proportion of G0/G1 phase declined to 62.3%, 55.6%, and 38.9%, respectively. A similar trend was observed for the catechin nanoemulsion treatment, as shown by a decrease in the G0/G1 phase to 61.2%, 55.8%, and 43.4% when treated with 5 μg/mL, 7.5 μg/mL, and 10 μg/mL, respectively. Comparatively, at the same dose, catechin nanoemulsion could lead to a lower proportion of G0/G1 phase than catechin extract. Similar to sub-G1 phase, the S phase proportion followed a dose-dependent increase for both catechin extract and nanoemulsion. In addition, at the same dose, a higher proportion of S phase was found for catechin nanoemulsion than for catechin extract. But for G2/M phase, no significant difference (*P*\>0.05) was shown between control and catechin extract (7.5 μg/mL and 10 μg/mL) or catechin nanoemulsion (5 μg/mL and 7.5 μg/mL). Instead, a pronounced rise in G2/M proportion occurred at a high dose of catechin extract (20 μg/mL) and nanoemulsion (10 μg/mL), which amounted to 35.8% and 30.9%, respectively. Taken together, both catechin extract and nanoemulsion could lead to an arrest of PC-3 cells at S phase.

Similar outcomes were reported by several other authors. For example, Zhao et al[@b54-ijn-11-1907] pointed out that the cell cycle of stomach cancer cells SGC-7901 was arrested at S phase following treatment with 500 μg/mL of green tea or Pur tea extract. Shabana et al[@b50-ijn-11-1907] also illustrated that after treatment with 100 μM EGCG or 6 μM EGCG-chitosan nanoparticles for 48 hours, the cell cycle of prostate cancer cells PC-3 was arrested at S phase. However, in contrast to the result shown previously, Thakur et al[@b55-ijn-11-1907] reported that both prostate cancer cells LNCaP and PC-3 were arrested at G0/G1 when treated with 10--80 μg/mL of tea polyphenol. Siddiqui et al[@b53-ijn-11-1907] further reported that after treatment of melanoma cells Mel 928 with EGCG (40 μM) and EGCG nanoparticles (4 μM) for 24 hours, the cell cycle was arrested at G2/M phase. Obviously, the difference in arrest of cell cycle phase can be attributed to various cancer cells and difference in concentration, incubation time as well as method of catechin preparation.

PC-3 cell apoptosis analysis
----------------------------

[Table 5](#t5-ijn-11-1907){ref-type="table"} shows the effect of catechin extract and nanoemulsion on apoptosis of PC-3 cells as determined by an Annexin/PI assay. A dose-dependent increase in early apoptosis cells (B4) and late apoptosis cells (B2) was shown for the catechin nanoemulsion treatment, which equaled 18.7% and 7.9% at 10 μg/mL, respectively. However, for the catechin extract treatment, there was no significant difference (*P*\>0.05) in early apoptosis cells among the various doses. Interestingly, a high proportion (13%) of late apoptosis cells was found for the catechin extract treatment at 20 μg/mL. By comparison, at the same dose, catechin nanoemulsion showed a higher proportion of both early and late apoptosis cells than that of catechin extract. But for necrosis cells, no significant difference (*P*\>0.05) was shown for the catechin nanoemulsion treatment among the various doses, while a higher proportion (5.5%) occurred for the catechin extract treatment at 20 μg/mL. Obviously, both catechin extract and nanoemulsion treatments could result in a higher proportion of PC-3 cells undergoing early apoptosis than late apoptosis or necrosis, with the dose being a vital factor in affecting apoptosis or necrosis.

In several other studies, On-Ki et al[@b56-ijn-11-1907] reported that the proportion of both early and late apoptosis cells was raised to 9.7% and 24.1%, respectively, after treatment of prostate cancer cells DU 145 with Oo-Long tea polyphenol extract at 24 μg/mL for 48 hours. Similarly, after treatment of stomach cancer cells SG-7901 with 125 μg/mL of green tea, black tea, or Pur tea extracts, or 50 μg/mL of catechin for 48 hours, the proportions of early apoptosis cells rose to 10.4%, 5.9%, 3.9%, and 12.6%, respectively, while the late apoptosis cells increased to 5.7%, 4.4%, 2.0%, and 8.3%, respectively.[@b54-ijn-11-1907] Prasad et al[@b18-ijn-11-1907] further reported that the proportion of late apoptosis cells could be raised to 51.7%--61.4% after treatment of prostate cancer cells PC-3 with black tea teaflavin (40--80 μg/mL) for 48 hours. In a study dealing with the effect of EGCG (0--80 μg/mL) on apoptosis of bladder cancer cells TP 24, a dose-dependent increase in cell apoptosis was shown, with the proportions of early and late apoptosis cells being 13.1% and 26%, respectively. Apparently, catechin can induce apoptosis of various types of cancer cells, with the inhibition efficiency being dependent upon cell variety and dose. In addition to catechin extract, the effect of catechin nanoparticles on cancer cell apoptosis has been well documented. Siddiqui et al[@b53-ijn-11-1907] studied the effect of EGCG (2.74 μmol/L and 40 μmol/L) and PLA-PEG-EGCG nanoparticles (1.37 μmol/L and 2.74 μmol/L) on apoptosis of prostate cancer cells PC-3; the proportions of apoptosis cells were raised to 5.5% and 72.9%, respectively, for the former, as well as 5.4% and 71.8%, for the latter. Recently, Chen et al[@b57-ijn-11-1907] pointed out the proportions of early and late apoptosis cells increased to 3.2% and 12.6%, respectively, after treatment of melanoma cells B16F10 with EGCG for 48 hours. However, following the EGCG nanoparticle treatment, the proportions could further rise to 6.5% and 20.9%, respectively. This finding further demonstrated that catechin nanoparticles could induce a higher proportion of cell apoptosis than catechin extract or EGCG standard.

Protein expression associated with cell cycle and apoptosis
-----------------------------------------------------------

Based on the result of cell cycle analysis, both catechin extract and nanoemulsion could lead to an arrest of PC-3 cells at S phase. Thus, the expression of proteins associated with regulation of cell cycle such as cyclin A and cyclin B, CDKs such as CDK1 and CDK2, CDKs inhibitors such as P27, as well as the expression of proteins associated with apoptosis such as bcl-2 and cytochrome C have been investigated.

[Figure 5A](#f5-ijn-11-1907){ref-type="fig"} shows the effect of catechin extract and nanoemulsion on P27 expression in PC-3 cells. A dose-dependent rise in P27 expression was shown for both catechin extract and nanoemulsion. However, at the same dose, a much higher P27 expression was found for catechin nanoemulsion than for catechin extract, implying that the former could inhibit the activity of cyclin E/cyclin A-CDK2 complex more effectively than catechin extract, resulting in an arrest of PC-3 cell cycle at S phase. Similar findings were reported by several other authors. For instance, Gupta et al[@b58-ijn-11-1907] pointed out that the P27 expression in prostate cancer cells LNCaP and DU 145 could be enhanced after treatment with EGCG. Peng et al[@b59-ijn-11-1907] also found that after treatment with cocoa tea extract (44--66 μM) for 72 hours, the P27 expression in prostate cancer cells PC-3 rose by 1.5--2.5-fold, but the cell cycle was arrested as G2/M phase. In a recent study, Shabana et al[@b50-ijn-11-1907] studied the effect of EGCG (100 μM) and EGCG-chitosan nanoparticles (6 μM) on P27 expression in PC-3 cells for 48 hours; the P27 expression was raised by 1.5- and 3.3-fold, respectively, with the cell cycle arrested at S phase.

As the activation of P27 can inhibit the expression of CDKs and both CDK1 and CDK2 are associated with S phase, the expressions of CDKs and their corresponding cyclins need to be further investigated. The effect of catechin extract and nanoemulsion on expressions of CDK2 and CDK1 is shown in [Figure 5B and C](#f5-ijn-11-1907){ref-type="fig"}, respectively. A dose-dependent decline in CDK1 and CDK2 expressions was shown for both catechin extract and nanoemulsion treatments. After treatment of PC-3 cells with 7.5 μg/mL, 10 μg/mL, and 20 μg/mL of catechin extract, the CDK2 expression declined by 0.34-, 0.16-, and 0.08-fold, respectively. However, following treatment with 5 μg/mL, 7.5 μg/mL, and 10 μg/mL of catechin nanoemulsion, the CDK2 expression dropped by 0.36-, 0.28-, and 0.24-fold, respectively ([Figure 5B](#f5-ijn-11-1907){ref-type="fig"}). Comparatively, at the same dose (7.5 μg/mL or 10 μg/mL), there was no significant difference (*P*\>0.05) in CDK2 expression in PC-3 cells between catechin extract and nanoemulsion. However, a different trend was observed for CDK1 expression ([Figure 5C](#f5-ijn-11-1907){ref-type="fig"}), which declined by 0.52-, 0.4-, and 0.1-fold, respectively, after treatment of 7.5 μg/mL, 10 μg/mL and 20 μg/mL of catechin extract. However, following treatment of 5 μg/mL, 7.5 μg/mL, and 10 μg/mL of catechin nanoemulsion, the CDK1 expression diminished by 0.39-, 0.15-, and 0.09-fold, respectively. By comparison, at the same dose of 7.5 μg/mL or 10 μg/mL, the decline in CDK1 expression in PC-3 cells was larger for catechin nanoemulsion than for catechin extract.

[Figure 5D and E](#f5-ijn-11-1907){ref-type="fig"} shows the effect of catechin extract and nanoemulsion on expressions of cyclin A and cyclin B in PC-3 cells, respectively. Both expressions of cyclin A and cyclin B followed a dose-dependent decrease. After treatment of PC-3 cells with 7.5 μg/mL, 10 μg/mL, and 20 μg/mL of catechin extract for 72 hours, the cyclin A expression declined by 0.47-, 0.16-, and 0.1-fold, respectively, while the cyclin B expression dropped by 0.31-, 0.29-, and 0.13-fold. Similarly, following treatment of PC-3 cells with 5 μg/mL, 7.5 μg/mL, and 10 μg/mL of catechin nanoemulsion for 72 hours, the cyclin A expression diminished by 0.21-, 0.08-, and 0.03-fold, respectively, whereas the cyclin B expression lowered by 0.39-, 0.33-, and 0.33-fold. Comparatively, at the same dose of 7.5 μg/mL or 10 μg/mL, the decrease in cyclin A expression was much higher for catechin nanoemulsion than for catechin extract. However, for cyclin B expression, no significant difference (*P*\>0.05) was shown between catechin extract and nanoemulsion at the same dose (7.5 μg/mL or 10 μg/mL).

Similar results were reported by several other authors. Thangapazham et al[@b52-ijn-11-1907] studied the effect of green tea poly-phenol and EGCG on expression of protein-associated breast cancer cell cycle and reported that the expressions of cyclin A, cyclin B, CDK2, and CDK1 followed a pronounced decline after 24 hours treatment. Similarly, Lim and Cha[@b60-ijn-11-1907] studied the effect of EGCG on apoptosis of human anaplastic thyroid cancer cells and found that the expressions of cyclin A, cyclin B, and CDK1 decreased significantly after 72 hours treatment. Singh and Katiyar[@b61-ijn-11-1907] further pointed out that after treatment of human skin cancer cells A431 and SCC13 with EGCG for 48 hours, the CDK2 expression was inhibited. The same phenomenon was observed in a study dealing with apoptosis of prostate cancer cells LNCaP and PC-3 as affected by EGCG and EGCG-chitosan nanoparticles.[@b50-ijn-11-1907] In addition, both expressions of cyclin A and cyclin B showed a declined trend after treatment of melanoma cells with EGCG and EGCG nanoparticles.[@b53-ijn-11-1907]

As cell apoptosis may be associated with the mitochondria pathway, we further explored the effect of catechin extract and nanoemulsion on bcl-2 and cytochrome C expressions, both of which are shown in [Figure 5F and G](#f5-ijn-11-1907){ref-type="fig"}, respectively. No significant difference (*P*\>0.05) in bcl-2 expression was shown between control and catechin extract treatment (7.5 μg/mL). However, after treatment of 10 μg/mL and 20 μg/mL of catechin extract as well as 5 μg/mL, 7.5 μg/mL, and 10 μg/mL of catechin nanoemulsion for 72 hours, the bcl-2 expression declined by 0.71-, 0.23-, 0.67-, 0.52-, and 0.35-fold, respectively ([Figure 5F](#f5-ijn-11-1907){ref-type="fig"}). This outcome revealed that catechin nanoemulsion possessed a higher inhibition efficiency toward bcl-2 expression than catechin extract at the same dose. As bcl-2 is an antiapoptotic protein, the inhibition of bcl-2 expression can lead to PC-3 cell apoptosis. For cytochrome C, the expression followed a dose-dependent increase ([Figure 5G](#f5-ijn-11-1907){ref-type="fig"}). Following treatment of PC-3 cells with 10 μg/mL and 20 μg/mL of catechin extract, the cytochrome C expression rose by 1.55- and 1.73-fold, respectively. However, an increase by 1.27-, 1.29-, and 1.5-fold was observed for the catechin nanoemulsion treatment at 5 μg/mL, 7.5 μg/mL, and 10 μg/mL, respectively. Comparatively, the cytochrome C expression was higher for the nanoemulsion treatment than for the extract treatment at the same dose (7.5 μg/mL). Interestingly, at 10 μg/mL, there was no significant difference (*P*\>0.05) in cytochrome C expression between catechin nanoemulsion and extract. This phenomenon indicated that both catechin extract and nanoemulsion could induce apoptosis of PC-3 cells through cytochrome C release into cytoplasm for conjugation with Apaf-1 to activate procaspase-9 for subsequent apoptosome complex formation and then caspase-3 activation for cell apoptosis.[@b24-ijn-11-1907]

The activities of caspase-3, caspase-8, and caspase-9 in PC-3 cells as affected by catechin extract and nanoemulsion are shown in [Figure 6](#f6-ijn-11-1907){ref-type="fig"}. No significant difference (*P*\>0.05) in caspase-3 activity was shown between control and catechin extract at 7.5 μg/mL or 10 μg/mL. However, a slight increase in caspase-3 activity by 1.2-fold was observed for catechin extract at a higher dose of 20 μg/mL. Similarly, for catechin nanoemulsion, only the doses of 7.5 μg/mL and 10 μg/mL showed a significantly higher (*P*\<0.05) caspase-3 activity than control by 1.1- and 1.2-fold, respectively. Similar outcome occurred for activities of caspase-8 and caspase-9. Following the catechin extract treatment at 10 μg/mL and 20 μg/mL, the caspase-8 activity was significantly higher (*P*\<0.05) than control by 1.15- and 1.2-fold, respectively, as were activities of 1.2- and 1.22-fold higher for the catechin nanoemulsion treatment at 7.5 μg/mL and 10 μg/mL, respectively. But for caspase-9 activity, only the dose (20 μg/mL) of catechin extract showed a significantly higher (*P*\<0.05) activity than control, while all the three doses (5 μg/mL, 7.5 μg/mL, and 10 μg/mL) of catechin nanoemulsion showed a significantly higher (*P*\<0.05) caspase-9 activity than control by 1.13-, 1.14-, and 1.21-fold, respectively.

In several other studies, Singh et al[@b62-ijn-11-1907] reported that after treatment of cervical cancer cells SiHa with EGCG (10 μg/mL) for 24 hours, both activities of caspase-3 and caspase-9 were enhanced while the bcl-2 expression decreased, leading to cytochrome C release and formation of cleaved poly(ADP-ribose) polymerase for subsequent apoptosis. Similarly, the cytochrome C was shown to release from mitochondria into cytoplasm to lower ATP level, accompanied by an increase in caspase-3 activity, resulting in apoptosis of prostate cancer cell PC-3 after treatment with black tea extract (0.4 mg/mL).[@b63-ijn-11-1907] In a recent study dealing with the effect of EGCG and EGCG-chitosan nanoparticles on prostate cancer cells LNCaP and PC-3, the bcl-2 expression followed a dose-dependent decline accompanied by formation of cleaved caspase-3, -7, -8, -9 and poly(ADP-ribose) polymerase in a dose-dependent manner, leading to apoptosis of both LNCaP and PC-3 cells.[@b50-ijn-11-1907]

Collectively, all the results shown previously revealed that both catechin extract and nanoemulsion could lead to apoptosis of cancer cells probably through caspase-dependent pathway. However, as the activities of caspase-3, caspase-8, and caspase-9 were only slightly higher than the control treatment, some other caspase-independent pathways may also be involved for apoptosis of PC-3 cells. In a study dealing with the effect of EGCG (25--200 μM) on apoptosis of human laryngeal epidermoid cancer cells Hep2, the p53 expression was elevated and both expressions of bcl-2 and bid declined, while the expressions of caspase-3, -8, -9 remained unaffected, accompanied by a drop in the mitochondria membrane potential, leading to release of cytochrome C, apoptosis-inducing factor (AIF), and nucleic acid Endo G into cytoplasm for apoptosis to occur.[@b64-ijn-11-1907] The same phenomenon was shown after treatment of leukemia cells K562 with EGCG (200 μM); both cytochrome C and AIF were released from mitochondria into cytoplasm, while the caspase-3 activity remained unaffected.[@b65-ijn-11-1907] Thus, the apoptosis of leukemia cells K562 was postulated to occur through caspase-independent pathway. As AIF was present in interspace of mitochondria membrane, the mitochondria permeability could be changed when cells were externally stimulated. This could result in a transfer of AIF into nucleus for chromatin condensation and DNA fragmentation, leading to apoptosis. Taken together, our study demonstrated that both catechin extract and nanoemulsion could induce apoptosis of prostate cancer cell PC-3 probably through caspase-dependent or caspase-independent pathway.

Conclusion
==========

An HPLC-MS method was developed to separate and quantify various catechins in green tea leaf waste, in which EGCG was present in the largest amount, followed by ECG, GCG, EGC, and GC. The catechin nanoemulsion composed of catechin extract, 0.5% lecithin, 5% Tween 80, and 94.5% deionized water was successfully prepared with the mean particle size being 11.45 nm, polydispersity 0.27, encapsulation efficiency 88.1%, and zeta potential −66.3 mV. A high stability of the catechin nanoemulsion was shown over a storage period of 120 days at 4°C. Both catechin extract and nanoemulsion could inhibit prostate cancer cell PC-3 proliferation, with the IC~50~ being 15.4 μg/mL and 8.5 μg/mL, respectively. In addition, the cell cycle of PC-3 was arrested at S phase through increase of P27 expression and decrease of cyclin A, cyclin B, CDK2, and CDK1 expressions. In addition, both catechin extract and nanoemulsion could induce apoptosis of PC-3 cells through decline of bcl-2 expression and elevation of cytochrome C expression for activation of caspase-3, caspase-8, and caspase-9. Nevertheless, the PC-3 cell apopto-sis may also occur through caspase-independent pathway.
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![Effect of different ethanol proportions on the catechin contents in green tea leaf waste extracts.\
**Notes:** Results are presented as mean ± standard deviation of triplicate determinations. Data with different capital letters (A--C) on each bar represent the content of each catechin or total catechin extracted using different solvents are significantly different at *P*\<0.05.\
**Abbreviations:** GC, gallocatechin; EGC, epigallocatechin; EGCG, epigallocatechin gallate; GCG, gallocatechin gallate; ECG, epicatechin gallate.](ijn-11-1907Fig1){#f1-ijn-11-1907}

![High-performance liquid chromatograms of catechin standards detected at 280 nm (**A**) and green tea leaf waste extract at 280 nm (**B**) as well as 245 nm (**C**).\
**Notes:** Peaks: 1, GC; 2, EGC; 3, C; 4, EC; 5, EGCG; 6, GCG; 7, ECG; 8, CG; internal standard ([l]{.smallcaps}-tryptophan).\
**Abbreviations:** GC, gallocatechin; EGC, epigallocatechin; C, catechin; EC, epicatechin; EGCG, epigallocatechin gallate; GCG, gallocatechin gallate; ECG, epicatechin gallate; CG, catechin gallate; IS, internal standard; min, minutes.](ijn-11-1907Fig2){#f2-ijn-11-1907}

![Particle size distribution of blank nanoemulsion (**A**) as well as catechin nanoemulsion with filtration (**B**) and without filtration (**C**) along with TEM images of catechin nanoemulsion captured at two different magnifications (**D** and **E**).\
**Abbreviation:** TEM, transmission electron microscope.](ijn-11-1907Fig3){#f3-ijn-11-1907}

![Effects of different levels of 50% ethanol (**A**) and blank nanoemulsion (**B**) on the growth of both CCD-986SK fibroblast cells and PC-3 prostate cancer cells as well as the effects of catechin extract and nanoemulsion on CCD-986SK cells (**C** and **D**) and PC-3 cells (**E** and **F**).\
**Notes:** Results are presented as mean ± standard deviation of triplicate analyses. Data with different capital letters (A--E) on each bar in (**A**), (**B**), (**E**), and (**F**) represent the PC-3 cell viability at different concentrations of ethanol, blank nanoemulsion, catechin extract, and catechin nanoemulsion and are significantly different at *P*\<0.05 compared to the control, respectively. Data with different small letters (a--f) on each bar in (**A**), (**B**), (**C**), and (**D**) represent the CCD-986SK cell viability at different concentrations of ethanol, blank nanoemulsion, catechin extract, and catechin nanoemulsion and are significantly different at *P*\<0.05 compared to the control, respectively.](ijn-11-1907Fig4){#f4-ijn-11-1907}

###### 

Effects of catechin extract and nanoemulsion on P27 (**A**), CDK2 (**B**), CDK1 (**C**), cyclin A (**D**), cyclin B (**E**), bcl-2 (**F**), and cytochrome C (**G**) protein expressions in PC-3 prostate cancer cells.

**Notes:** Results are presented as mean ± standard deviation of triplicate analyses. Data with different capital letters (A--E) on each bar represent the ratio of each protein expression relative to GAPDH at different concentrations of catechin extract or nanoemulsion and are significantly different at *P*\<0.05 compared to the control. The abbreviations used in *X*-axes indicate control (C), catechin extract (E), and catechin nanoemulsion (N).

**Abbreviations:** CDK, cyclin-dependent kinase; bcl-2, B-cell lymphoma 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

![](ijn-11-1907Fig5a)

![](ijn-11-1907Fig5b)

![Activities of caspase-3 (**A**), caspase-8 (**B**), and caspase-9 (**C**) in PC-3 prostate cancer cells as affected by catechin extract and nanoemulsion from green tea leaf waste.\
**Notes:** Results are presented as mean ± standard deviation of triplicate analyses. Data with different capital letters (A--C) on each bar represent the caspase activity in PC-3 cells at different concentrations of catechin extract or nanoemulsion and are significantly different at *P*\<0.05 compared to control. The abbreviations used in *X*-axes indicate control (C), catechin extract (E), and catechin nanoemulsion (N).](ijn-11-1907Fig6){#f6-ijn-11-1907}

###### 

Retention time (*t*~R~), retention factor (*κ*), separation factor (*α*), peak purity, and contents of catechins in green tea leaf waste extract

  Peak number   Compound                          *t*~R~ (min)   *κ*    *α*                                                     Peak purity (%)   Contents (μg/g)[b](#tfn2-ijn-11-1907){ref-type="table-fn"}
  ------------- --------------------------------- -------------- ------ ------------------------------------------------------- ----------------- ------------------------------------------------------------
  1             Gallocatechin (GC)                6.00           0.67   2.06 (1,2)[a](#tfn1-ijn-11-1907){ref-type="table-fn"}   98.3              73.73±2.64
  2             Epigallocatechin (EGC)            8.57           1.38   2.06 (1,2)[a](#tfn1-ijn-11-1907){ref-type="table-fn"}   99.4              267.50±1.91
  5             Epigallocatechin gallate (EGCG)   15.82          3.39   2.46 (2,5)[a](#tfn1-ijn-11-1907){ref-type="table-fn"}   90.4              7,864.48±8.38
  6             Gallocatechin gallate (GCG)       18.53          4.15   1.22 (5,6)[a](#tfn1-ijn-11-1907){ref-type="table-fn"}   99.1              496.29±2.25
  7             Epicatechin gallate (ECG)         25.02          5.95   1.43 (6,7)[a](#tfn1-ijn-11-1907){ref-type="table-fn"}   98.9              1,917.93±10.43

**Note:**

Numbers in parentheses represent values between two neighboring peaks.

Data expressed as mean ± standard deviation.

###### 

Identification data of catechins in green tea leaf waste extract[a](#tfn3-ijn-11-1907){ref-type="table-fn"}

  Peak no   Compounds                         *t*~R~ (min)   MW (g/mol)   *λ*~max~   \[M-H\]^−^ (*m*/*z*)[b](#tfn4-ijn-11-1907){ref-type="table-fn"}                                                                                                                
  --------- --------------------------------- -------------- ------------ ---------- ----------------------------------------------------------------- ------------------------------------------------------------------------------------------------ ----- ----- ------------------------------------------------------------------------------------------------
  1         Gallocatechin (GC)                6.00           306          271        271                                                               275,[c](#tfn5-ijn-11-1907){ref-type="table-fn"} 270[d](#tfn6-ijn-11-1907){ref-type="table-fn"}   305   305   305,[c](#tfn5-ijn-11-1907){ref-type="table-fn"} 305[e](#tfn7-ijn-11-1907){ref-type="table-fn"}
  2         Epigallocatechin (EGC)            8.57           306          271        271                                                               272,[c](#tfn5-ijn-11-1907){ref-type="table-fn"} 270[d](#tfn6-ijn-11-1907){ref-type="table-fn"}   305   305   305,[c](#tfn5-ijn-11-1907){ref-type="table-fn"} 305[e](#tfn7-ijn-11-1907){ref-type="table-fn"}
  5         Epigallocatechin gallate (EGCG)   15.82          458          274        274                                                               276,[c](#tfn5-ijn-11-1907){ref-type="table-fn"} 275[d](#tfn6-ijn-11-1907){ref-type="table-fn"}   457   457   457,[c](#tfn5-ijn-11-1907){ref-type="table-fn"} 457[e](#tfn7-ijn-11-1907){ref-type="table-fn"}
  6         Gallocatechin gallate (GCG)       18.53          458          274        274                                                               276,[c](#tfn5-ijn-11-1907){ref-type="table-fn"} 275[d](#tfn6-ijn-11-1907){ref-type="table-fn"}   457   457   457,[c](#tfn5-ijn-11-1907){ref-type="table-fn"} 457[e](#tfn7-ijn-11-1907){ref-type="table-fn"}
  7         Epicatechin gallate (ECG)         25.02          442          278        278                                                               278,[c](#tfn5-ijn-11-1907){ref-type="table-fn"} 275[d](#tfn6-ijn-11-1907){ref-type="table-fn"}   441   441   441,[c](#tfn5-ijn-11-1907){ref-type="table-fn"} 441[e](#tfn7-ijn-11-1907){ref-type="table-fn"}

**Notes:**

A gradient mobile phase of acetonitrile and 0.1% formic acid in water was used.

Determined by LC-MS.

Based on the reference value in Lin et al.[@b21-ijn-11-1907]

Based on the reference value in Wang et al.[@b33-ijn-11-1907]

Based on the reference value in Wu et al.[@b22-ijn-11-1907]

**Abbreviations:** MW, molecular weight; LC-MS, liquid chromatography--mass spectrometry; λ~max~, absorption maximum; *t*~R~, retention time.

###### 

Quality control data of catechins in green tea leaf waste by HPLC

  Compound                          LOD (μg/mL)   LOQ (μg/mL)   Recovery[a](#tfn9-ijn-11-1907){ref-type="table-fn"}   Intraday variability   Interday variability                       
  --------------------------------- ------------- ------------- ----------------------------------------------------- ---------------------- ---------------------- ----- ------------- -----
  Gallocatechin (GC)                0.35          1.05          95.11±4.29                                            4.51                   0.062±0.004            6.5   0.055±0.003   5.2
  Epigallocatechin (EGC)            0.6           1.8           104.98±3.32                                           3.16                   0.24±0.02              7.9   0.23±0.0004   0.2
  Epigallocatechin gallate (EGCG)   0.4           1.2           101.20±2.11                                           2.08                   8.72±0.13              1.5   8.84±0.26     2.9
  Gallocatechin gallate (GCG)       0.4           1.2           90.22±2.47                                            2.74                   0.46±0.02              4.6   0.43±0.03     6.4
  Epicatechin gallate (ECG)         0.25          0.75          101.43±0.68                                           0.67                   2.19±0.06              2.5   2.21±0.10     4.6

**Notes:**

Recovery = \[(amount found − original amount)/amount spiked\] ×100%.

Relative standard deviation (RSD) = (SD/mean) ×100%.

**Abbreviations:** HPLC, high-performance liquid chromatography; LOD, limit of detection; LOQ, limit of quantitation; SD, standard deviation.

###### 

Different phases of cell cycle of PC-3 cancer cell line as affected by catechin extracts and catechin nanoemulsions prepared from green tea leaf waste

  Treatment     Sub-G1 (%)    G0/G1 (%)     S (%)         G2/M (%)
  ------------- ------------- ------------- ------------- -------------
  Control       1.5±0.2^C^    65.9±0.6^A^   10.9±0.6^E^   22±0.1^C^
  E 7.5 μg/mL   1.7±0.7^BC^   62.3±0.1^B^   13.5±0.6^D^   22.9±1.0^C^
  E 10 μg/mL    2.4±0.1^AB^   55.6±3.2^C^   17.9±0.7^B^   24.7±0.6^C^
  E 20 μg/mL    2.4±0.4^AB^   38.9±0.6^E^   22.8±0.6^A^   35.8±2.2^A^
  N 5 μg/mL     2.7±0.1^A^    61.2±0.4^B^   15.7±0.2^C^   20.9±0.4^C^
  N 7.5 μg/mL   2.7±0.4^A^    55.8±1.1^C^   17.9±0.2^B^   24.2±1.5^C^
  N 10 μg/mL    3.2±0.4^A^    43.4±0.7^D^   23.2±1.3^A^   30.9±1.1^A^

**Notes:** Data are presented as mean ± standard deviation (n=3). Data with different letters in the same column represent significantly different values at *P*\<0.05. The single letter is the comparison between control and data, while in the double letter representation the first letter denotes comparison between control and data and the second letter represents the comparison among data corresponding to different extract/nanoemulsion doses.

**Abbreviations:** E, catechin extracts; N, catechin nanoemulsions.

###### 

Apoptosis of PC-3 cancer cell line as affected by catechin extracts and catechin nanoemulsions

  Treatment     B1 (%)        B2 (%)        B3 (%)        B4 (%)
  ------------- ------------- ------------- ------------- -------------
  Control       0.5±0.0^C^    2.1±0.1^D^    92.0±0.3^A^   5.5±0.4^D^
  E 7.5 μg/mL   0.5±0.1^C^    3.5±0.2^D^    87.2±0.6^B^   9.0±0.9^C^
  E 10 μg/mL    0.5±0.1^C^    3.4±0.1^D^    86.4±1.8^B^   9.7±1.7^C^
  E 20 μg/mL    5.5±0.1^A^    13.0±1.7^A^   73.5±3.0^D^   8.2±1.3^C^
  N 5 μg/mL     0.9±0.1^BC^   3.4±0.6^D^    86.3±1.3^B^   9.5±0.6^C^
  N 7.5 μg/mL   1.1±0.1^B^    5.6±0.1^C^    79.8±0.4^C^   13.6±0.6^B^
  N 10 μg/mL    1.2±0.1^B^    7.9±1.1^B^    72.3±1.3^D^   18.7±0.1^A^

**Notes:** Data are presented as mean ± standard deviation (n=3). Data with different letters in the same column represent significantly different values at *P*\<0.05. The single letter is the comparison between control and data, while in the double letter representation the first letter denotes comparison between control and data and the second letter represents the comparison among data corresponding to different extract/nanoemulsion doses. For control, cells were incubated in medium only. Quantitative analysis of viable cells (B3), early apoptosis cells (B4), late apoptosis cells (B2), and necrosis cells (B1).

**Abbreviations:** N, catechin nanoemulsions; E, catechin extract.
